The SnowScat device, a tower-mounted fully polarimetric scatterometer for measurements of the radar crosssection of snow at X-band up to Ku-band, has recently been enhanced to also support a tomographic profiling mode. The new tomographic profiling capability of SnowScat allows for performing high-resolution observations providing further insights into the complex electromagnetic interaction within snowpacks. In this paper, we present first results obtained from a series of tomographic profiles of a snowpack acquired with the enhanced SnowScat device at a test site of SLF in Davos, Switzerland,
INTRODUCTION
The SnowScat instrument [1] [2] [3] [4] has originally been designed as a tower-mounted fully polarimetric scatterometer for measurements of the radar cross-section of snow at X-band up to Ku-band over a frequency range of 9.15-17.9 GHz. Here, we present an extension of SnowScat for tomographic profiling capabilities. This extension aims at enhancing the SnowScat device in order to better respond to the ESAC recommendations made on the deselected CoReH2O candidate following the User Consultation meeting in March 2013 for the 7 Earth Explorer mission. Such new capability allows for performing highresolution tomographic profiling observations providing further insights into the complex electromagnetic interaction within snowpacks.
Experiments of a similar kind (using different hardware and applying 2-D aperture synthesis in elevation and azimuth) have been reported in [5, 6] that already indicated the potential of tomographic observations of snowpacks using microwave remote sensing in the X-/Ku-band.
The tomographic measurement concept of the SnowScat device is different in the sense that aperture synthesis is only performed along the elevation direction (along the direction perpendicular to the line of sight). This means that the azimuth resolution is frequency-dependent and is governed by the beamwidth of the SnowScat antenna; therefore, the azimuth resolution decreases with increasing range distance. The reason behind this configuration is that the enhanced SnowScat device is designed to operate in both modes, the original scatterometer mode, and the new tomographic profiling mode. The user can switch between the two modes at his discretion.
In this paper, we present and discuss first results of a series of tomographic profiles of snowpacks acquired with the enhanced SnowScat device at a test site of SLF in Davos, Switzerland, between December 2014 and March 2015.
METHODS

Tomographic measurement setup
The nominal acquisition scenario that was planned and implemented at the test site in Davos, Switzerland, is shown in Fig. 1 . The SnowScat device (see Table 1 for the system specifications) is attached to a rail on a triangular truss. The SnowScat device can be moved along this rail (tilted by 45 degree) within a maximal total synthetic aperture length of 2.22m. The centre of the synthetic aperture is located approximately 7.5m above ground. At this central position the SnowScat device is pointing at the center of a tomographic test target, assuming an incidence angle of 45 degree. The tomographic test target is used as a reference and for validation purposes. It consists of an array of eight aluminium spheres mounted on a carbon tube. The dimensions of the spheres and the associated radar cross sections are given in Table 2 . In Table 3 the parameters for the tomographic acquisition of the test campaign are shown. The SnowScat device is moveable along a tilted rail to create a synthetic aperture in elevation direction. In such a way, a high resolution is not only obtained in range direction but also in elevation direction (i.e., perpendicular to the mean line of sight). The situation shows the tomographic test target (in the center) made of 8 spheres on a carbon tube. (Close to the scaffolding another test target for the scatterometer mode and, on the far right, a calibration sphere are visible).
Stripmap-mode resolution
The SnowScat device can be moved along the rail by a total distance of 2.22m. Assuming an unconstrained elevation beamwidth a resolution of about δ n = λ c r 0 /(2L) = 0.05m could be obtained at a range distance of 9m. However, since the SnowScat device was originally designed as a scatterometer the antenna beamwidth is rather narrow, between 4.6 o and 9.0 o , depending on the frequency: θ bw = λ/D. So, at a range distance of approximately r 0 = 9m the effective synthetic aperture for that location is only L st = 0.72m at a beamwidth of θ bw = 4.6 o . Therefore, the maximal resolution that can be expected in elevation direction (perpendicular to the line of sight) in stripmap mode is δ nst = λ c r 0 /(2L st ) = 0.15m. It is, however, possible to measure at different elevation angles while moving along the rail. This leads to a spotlight mode acquisition with a longer synthetic aperture approaching again a resolution of 0.05 m as obtained with the maximal synthetic aperture length allowed by the rail.
Data processing
The tomographic profiling is performed by coherently combining-in this case, time-domain back-projection (TDBP)-based aperture synthesis [7, 8] is applied-a number of SnowScat measurements taken at different antenna positions uniformly spaced along the tilted rail. The TDBP processing approach takes into account the actual 3-D geometry between the sensor positions and the illuminated volume while focusing the data. In particular, the TDBP algorithm implements a ray-tracing-like calculation of the wave propagation, which allows for including the refraction occurring at the air/snow interface and potential further refraction at different layers within the snowpack under inspection. A virtual range distance R v can be calculated iteratively based on the incidence angle θ, the angle of refraction θ S , the refractive index n s , and the different phase velocities c (in air) and v S (in the snow volume). The delay-and-sum approach of the TDBP focusing can be written as (omitting the antenna 
(1) where r i is the 3-D position vector of the target location for which the tomographic inversion is performed, r k is the 3-D position vector of the antenna phase center at position k within the synthetic aperture, g k (...) is the rangecompressed signal at antenna position k, λ is the wavelength of the carrier signal, R v ( r i , r k , n s ) is the (virtual) range distance between antenna position k and the location r i taking into account the refraction, and v( r i ) is the tomographically focused signal at location r i . The range echo values at the correct distance are retrieved by a combined FFT-based and linear interpolation of the complexvalued echo. An antenna pattern weighting function in elevation is applied during the back-projection image formation. Multi-looking can then be performed by just spatially averaging the tomographic image. Note, that the tomographic slices (2-D plots in Fig. 2 ) are 1-look intensity images.
For the SnowScat measurement setup the geometry is well known. Therefore, one can assume that the following assumptions are valid as a first approximation:
1. antenna positions and position of the image reconstruction grid (area of interest) are known 2. a homogeneous snow layer with known depth is assumed 3. thus, the point of entry at the air/snow interface can be calculated based on the previous two assumptions.
The concept is based on calculating the "point of entry" (and its corresponding ray path) at the air/snow interface. Once the point of entry is known the incidence angles (which relate each point of the reconstruction grid to a specific measurement at a particular angle and antenna position), and the propagation time between antenna and grid point on the reconstruction grid can be computed from trigonometry. • a tomographic test target and
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• An interesting case was also found when a tomographic measurement was taken under a melted snow surface condition where virtually no penetration into the snowpack, but instead, double and triple bounce scattering can be observed resulting in "ghost targets" of the spheres of the tomographic test target.
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• Pointing direction of antennas is adjustable in elevation and azimuth Still open, to be tested with real data. 1) Equivalent number of looks (ENL), radiometric accuracy: Assuming fully developed speckle (the worst case scenario, so to say, in terms of the radiometric accuracy) snow profile measurements taken at the test site are displayed on the lower right of Fig. 2 .
DISCUSSION
The new tomographic profiling observation capability of the enhanced SnowScat measurement setup is demonstrated by means of a tomographic test target and a first set of tomographic profiling measurements at a test site in Davos, Switzerland, under both snow-free and snowcovered conditions. The tomographic slices shown in Fig. 2 , each of them obtained from 50 HH-polarized measurements along the rail, distinctly show (1) the specular reflection from the spheres of the test target, (2) the ground surface in snow-free conditions, and (3) different layers within the snowpack that were identified as meltfreeze crusts and ice layers in accompanying in-situ snow profile measurements. Tomographic profiles of average intensities, averaged along ground range, are in accordance with the most prominent horizontal layers of the snowpack as retrieved by means of the two in-situ snow profile measurements. The comparison indicates that two of the three main melt-freeze crusts/ice layer as well as the ground surface are correctly resolved in the tomographic profile. An interesting case (see Fig. 2 , lower right) was also found when a tomographic measurement was taken under a melted snow surface condition where virtually no penetration into the snowpack, but instead, double and triple bounce scattering can be observed resulting in "ghost targets" of the spheres of the tomographic test target.
CONCLUSION
The new tomographic profiling capability of SnowScat now allows for investigating the complex electromagnetic interaction within snowpacks at a high spatial resolution at a dedicated test site, in a well-controlled environment, and over an extended period of time. This first test campaign has shown the high potential of the new tomographic profiling mode to resolve layered structures within a snowpack. Modeling of the refraction and the tomographic focusing need to be further refined to improve the tomographic imaging in the case where multiple layers are present in a thick snowpack. This aspect requires further investigation and testing with SnowScat tomographic profiling data of a more substantial snowpack.
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